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Summary

Considering the dry conditions of this experimental campaign, it is interesting to
notice that all the employed methods (BREB, one and two-layer resistance type
models, SEBI) give thepossibilities toestimate the energy fluxes. All the mean daily
values of the computed fluxes areinsidethe error bound assigned tothe eddy correlation measurements.
The instantaneous fluxes in terms of diurnal course and correlation among the models
and the measurements show differences.
The Bowen RatioEnergy Balance Technique gives surprising positive result in relation to the small gradients and the dry conditions of the experimental site.
A good parameterization of the ratio kB"1 in one-layer model and to the friction
velocity in SEBI is needed to obtain a good performance of the one-layer model
and of the new algorithm called SEBI.
The 2-layer model can give a reliable estimation of the fluxes if an high effort is
put in the determination of the many input parameters.
When the employed methods are used in sparse canopies cover vegetating under
dry conditions the computed error distributions can be used toknow the probability
to have a certain error in the sensible and latent heat fluxes evaluation .
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1 Introduction

The energy fluxes on earth surface can bedirectly measured (eddy correlation technique) or computed using different methods.When the fluxes are evaluated inpresence of sparse canopies andunder dry conditions somedifficulties canbe encountered
in the measurement or estimation of the required input parameters. In this work
Bowen Ratio Energy Balance, one and two layers resistance-type models are used
to study the energy partition in sparse crops.
The employ of different methods can be interesting to have a first comparison in
terms of required effort and evaluated fluxes.
For each method theuncertainty on the fluxes estimates can be determined computing
the expected random error. Moreover, therelative importance and the contribution
in error of each required input parameter can be appreciated by a sensitivity analysis.
All these informations can be very useful in order toplan a following field campaign
with particular relation to the effort to put in the evaluation of each required input
parameter.
The same type of error analysis has been performed also on a new modelization
proposed, mainly for remote sensing applications, by Menenti andChoudhury (1993).
In this new approach the authors have taken out from the computation the need to
evaluate internal resistance to heat transfer which is aparameter rather difficult to
determine.Theperformance of this new model can be evaluated interms of maximum
expected error on the computed fluxes once an expected error bound is assigned
to each input value.

13

2 Energy fluxes at the land surface: models

Considering the second law of thermodynamics and neglecting energy associated
with photosynthesis or stored in the vegetation and advection, the surface energy
balance can be introduced as:
Rn = H + G +LE
where
Rn =
H
=
G
=
LE =

(*)

net radiation flux density (W m 2 ),
sensible heat flux density (Wm~2),
amount of heat density conducted into the soil (Wm~2),
latent heat flux density (Wm"2)

The latent heat flux density represents the connecting link between energy and water
balance so that its estimation represents one of the most important applications of
remote sensing and surface meteorological collected data. In fact the determination
of the évapotranspiration flux density (ET) is crucial to asses the water budget of
plant communities especially where water can be scarce.Moreover, the estimation
of ETis very important tohave afirst evaluation of the plant response to the environment because it is strongly related to the canopy function. The sign convention
employed in this work is that non-radiative fluxes direct away from the surface are
positive while Rn is positive when reach the surface.

2.1 Bowen Ratio Energy Balance technique (BREB)
After measuring directly the net radiation and the soil heat fluxes using a net radiometer and soil heat flux plates respectively, a suitable criterion is needed to partition
the available energy (Rn-G) into sensible and latent heat.
The turbulent vertical transfer of sensible and latent heat are related to the vertical
gradients of temperature and water vapour pressure:
H « - pc pKh *

LE= -£ÜLK i î
Y e dz
where:
p = the air density (kgm"3),
cp = the specific heat capacity of air (J kg"1K"1),
y = the psychrometric constant (Pa K 1 ),
Kh = the turbulent exchange coefficient for heat (m2s"1),
Ke = the turbulent exchange coefficient for water vapour (mV1).

(2)

(3)
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Considering the previous transfer equation, Bowen (1926) suggested the following
relationship:

B= i L = y — —
LE

(4)

K 3e
e

The turbulent exchange coefficients for sensible heat, water vapour and momentum
can be respectively defined in the form (Cellier and Brunet, 1992):

Kh = k u ^ 1 (£)

(5)

K = k u ^ ; 1 (i.)

(6)

Km = k u ^ 1 (1)

(7)

where:
u»
= the friction velocity (m s"1),
k
= th von Karman's constant,
L
= Obukhov stability length scale (defined in the next section),
Om = non-dimensional stability functions for heat, vapour and momentum
respectively (Dyer and Hicks, 1970).
The nature of the stability functions is empirical since they can be predicted only
in asymptotic sense using experimental data (Garratt, 1992). Observations in the
surface layer using profile measurements suggest that for near-neutral conditions
Oh=5>e=Om(Dyer and Hicks, 1970) whilefor unstable conditions Oh=Oe=Om2(Webb,
1970).
Since this method only requires similarity between Kh and Ke and not K,,,, the
Reynold's analogy (Kh=Ke) can beassumed and the Bowen ratio can be simply determined measuring temperature andhumidity at, atleast, two levels abovethe canopy
so that Eq. 4 can be written as:

ß - y ÊjL

(8)

Àe

Referring then tothe energy balance equation thelatent heatflux can easily be calculated as:

LE = 2 ^ 1
l+ß

(9)

This method has been largely applied, giving good results, over different kinds of
vegetation where extremely arid conditions are not encountered. However in literature
it is suggested that this method may notbe accurate enough under very dry conditions
(Angus and Watts, 1984) where a large ß favours a large error in LE estimate
(Sinclair et al., 1975).Afurther limitation is related to the similarity of K/K,, which
does not hold when the atmosphere is stable and in presence of advection (Verma
16

et al., 1978).In fact under these conditions the latent heat flux appears to be underestimated (Gay, 1985).

2.2 Surface energy balance using surface temperature
Once the surface emissivity is known the thermal infrared surface temperature is
a quantity of primary importance inthethermodynamic behaviour of the system containing the surface. Operationally it canbedefined as 'the temperature thattheradiometer sees' (McNaughton, 1988).It can be derived from spectral radiances measured
with remotely operating radiometers.
Its use has rapidly developed as it is, together with the albedo, the more important
input inremote sensing algorithms to determine the évapotranspiration flux density
(ET).
Considering that advances have been made in the evaluation of Rn and G through
theuse of multispectral data (Jackson et al., 1985) the crucial point in such applications is employing such thermal infrared temperature to obtain an accurate determination of the sensible heat flux, H, sothat the latent heat flux, LE, could be calculated
as a residual in the energy balance equation.

2.2.1 One-layer model
One layer heat balance models are the simplest models of the soil-plant-atmosphere
continuum. In these models the evaporating surface is nomore than apartly wetplane
at the lower boundary of the atmosphere (Raupach and Finnigan, 1988).
If Eq. 2 is integrated between the surface and the reference height, z, the vertical
transfer of heat can be evaluated in terms of surface-air temperature difference.
Applying a resistance to this transfer, in analogy to Ohm's law, the sensible heat
flux can be written as:
H = pc

surf

P

a

~
r

(10)

„
ah

where p is the air density (kg m"3) and cpis the specific heat capacity of the air (J
kg"1K"1),Tsurf is the thermal infrared surface temperature (K) and Tais the potential
air temperature (K).Using Monin-Obukhov surface layer similarity (Brutsaert, 1982)
the aerodynamic resistance to heat transfer, rah (s m"1), can be expressed as
(Choudhury et al., 1986):

r

ah =

[ln[ ( z ~ d ) ]-y ] [ r n t ^ ' ^ j - Y J
m
h
*o
k*u

(ID
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where zis the measurement height (m) of air temperature and windspeed, z0is the
roughness length for momentum (m), z0h the roughness length for heat (m), d the
zero plane displacement height (m),k von Karman's constant, uthe windspeed (m
s"1) at z and x¥m and *Fh the integral stability functions for momentum and heat,
respectively.
The determination of the integral stability functions, *Fm and *Ph, can be done by
integrating the stability functions for momentum <>
| m and heat (j)has proposed by Dyer
and Hicks (1970). These functions are stability dependent in relation to the ratio
between shearing effects and thermal effects (buoyancy). The most used parameters
to express this ratio are:
1) the stabilityparameter proposed by Monin and Obukhov (1954) Ç=z/L, where
L is afunction of fluxes of heat and momentum known like Obukhov length scale
defined as:
L

-PCPTU'3

=

(12)

kgH
where g is the acceleration by gravity (m s2 ), T the absolute temperature (K) and
u»the friction velocity (m s ');
2) the Richardson number (1920) Ri, which is described as:
R.

_

production of turbulence by thermal effects
production of turbulence by mechanical effects
and under the assumption that K^K,,,it can be calculated from windspeed and temperature gradients (Monteith, 1990), as:
(13)

Ri = (A) *LÊ±
T Au2
where u is the windspeed (m s"1).
According to Monteith (1990) it can be shown that Ri and z/L interrelate:
H± = ^L Ri

L

(14)

K

since in most part of the day unstable conditions are encountered, it can be said,
referring to the previous chapter, that <|)2m=<t>hso that:
z-d

_.

(15)

= Ri

L
Finally an analytical formulation of the integral stability functions can be given
(Paulson, 1970):
1) under unstable atmospheric conditions (Ri<0 or (z-d)/L<0) :
¥ = 21n(I^£) + l n ( 1 + X 2 ) - 2arctanX + 1
2
2
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(16)
2

*Fh = 21n(_L^l)

(17)

where
X = [ l - 1 6 ( £z-d,
^)]7

(18)

2) under stable atmospheric conditions (Ri>0 or (z-d)/L>0):
¥ =¥h = - 5 . 2 £ l
(19)
h
L
The assessment of zeroheight displacement (d)and roughness length for momentum
(z0) presents difficulties in heterogeneous terrain such as sparse canopies. The
application of the empirical expressions developed from Monteith (1973) or from
Brutsaert (1982) is inadequate in composite land surfaces because they don't take
into account the plant density. In the next section some consideration on d and z0
estimate are given.
Another parameter introduced inthe previous formulation and difficult to determine
is the roughness length for heat transport (z0h). Rewriting Eq. 11as:
B n i ^ l - V J [ . „ i ^ l • l „ i i - -PJ
_

^0

^0

ah

Z

v

0h

'

T~5

kni

it can be seen that theratio ln(z0/z0h)=kB"1isneeded. For which Kustas et al. (1989)
developed, for a sparse canopies cover, the following empirical relationship:
k B 1 = 0.17u(T -T)
v

surf

(21)
a'

In spite of the fact that Eq. (21) has not clearphysicaljustification, it represents the
easiest way to estimate ln(Z(/z0h).
Consideration on d and z0 evaluation
To estimate the aerodynamic parameters the existence of a log-wind-profile has to
be considered:
u(z) = Ô

In Ö
(22)
k
z0
where u* is the friction velocity (m s"1)and k the von Karman constant. After this
different ways can be followed to determine the zero height displacement and
roughness length for momentum.
One of these has been suggested by Covey (1963) and it is known as the method
ofLeast-Squares.The application of this technique means thatthe sumof the squares
of the differences between the measured wind speed and the "ideal" speeds, described
by the previous law, will be minimal (Jacobs 1991).The advantage of this method
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is that it is less time-consuming compared with the graphical one in which u is
plotted against ln(z-d).However, because of the mathematical procedure, errors or
discrepancies inthe measurements can not easily be detected and therefore it could
be difficult to interpret the results (Reitsma, 1978).
Alternatively the same parameters can be found also with the approach presented
by Goudriaan (1977) but in case of very sparse canopy the results can be rather
uncertain especially for the value of d. In fact there is a situation (Cd*LAI<0.125)
in which the model leads to an erroneous value of d (Jacobs and Van Boxel, 1988).
Unfortunately this is the case of Tomelloso's vineyard where the drag coefficient
of individual canopy elements (Cd) was between 0.2-0.3 and the LAI at the end of
the campaign was less than 0.3 so that an error in the evaluation of d with this
approach is expected.

2.2.2 Two-layer model
To evaluate the interactions between microclimate and physiology and toknow the
sources/sinks distribution for sensible and latent heat avertically structured ormultilayer model must be used. Using atwo-layer model,the energy balance of the crop
can be separated into its soil and canopy components (Shuttleworth and Wallace,
1985).
The energy balance equations for the two components can then be written as:
LE = Rn - H
c

c

(23)
c

LE = Rn - H - G
s

s

(24)

s

where the subscripts c and spertain tothe canopy and to the substrate, respectively.
The net radiation reaching the crop canbe distributed using Beer's law (Annex).For
this an accurate estimate of the Leaf Area Index (LAI), which is the one-side leaf
area per unit area of ground, is essential.
Moreover such model assumes that abulkboundary layer resistance of the vegetative
elements in the canopy (rac) controls transfer of sensible and latent heat between the
surface of the foliage and a hypothetical canopy air stream, while the sensible heat
flux between the substrate and this air stream is controlled by another resistance (ras).
Afurther bulk aerodynamic resistance (r^, which replaces r^ in the one layer-model,
controls the fluxes of sensible heat between the canopy air stream and the reference
height (z).The resistance system is shown in Fig. 1and described in the next section.

* Two layer-model resistance network
It can be seen in Fig. 1that at least three different resistances (rac, ras, raa) control
the transfer of sensible heat in atwo-layer model likepurposed by Shuttleworth and
Wallace (1985). To have a better understanding of such resistance system a
hypothetical canopy air streammust beintroduced. Itcan be described like the virtual
source-sink heightfor sensible heat exchange wheretheobserved infrared temperature
20

(Tsub) might be substituted for an aerodynamic temperature T0 (Choudhury et al.
1986).
screen height

T

r

aa

H

H

T

^ W

mean canopy f Iow

r
H

j>

as

s

T

soI ! s u r f a c e

Fig. 1 Resistance network to heat transfer (after Shuttleworth and Wallace, 1985)

Mean boundary layer resistance of the canopy,rac.
It controls the sensible heat flux between the canopy surface and the hypothetical
air stream. Such resistance is proportional to the leaf boundary resistance rb.
Moreover it is inversely related to the surface area of the vegetation expressed by
Leaf Area Index (LAI) so that:
(25)

r =

2 LAI
Goudriaan (1977) derived a formulation to calculate rb which can be written as
follows:
(26)
u
where A is a constant (91 s1/2at 20°C), w is a characteristic leaf dimension which
for the Tomelloso vineyard assumes a value of =0.1 m (Michels and Moene, 1991)
and u is the local windspeed in a level inside the canopy. In order to have a mean
value (rb)the wind profile inside the canopy has tobe estimated sothatEq. 27can
be numerically integrated from the ground to the top of the vegetation assuming an
uniform LAI over the canopy height. Therefore according to (Inoue, 1963) it can
be written:

21

-a(S'

u =uhe

(27)

where histhe canopy height (m) and a the extinction factor for wind speed evaluated
as (Goudriaan, 1977):
21i
mw

where cd is the drag coefficient of the leaves which can assume a value of 0.2-0.3
(Thorn, 1968); iwis the relative turbulence intensity factor that for Tomelloso can
be assumed to be of the order of 0.25 (Michels and Moene, 1991); lm is the mean
mixing length inside the canopy. To evaluate lm the free space between the leaves
is used:

1 =2(2üül)"*
4riL/

(29)

d

where Ld is the leaf area density which corresponds to LAI/h.
Aerodynamic resistances to vertical heat transfer
In the model purposed by Shuttleworth and Wallace it has been assumed that the
valuer^ and ras vary linearly with the LAI between two extreme limits:bare soil and
complete canopy cover. However, in those formulations stability effects are nottaken
in account. It can lead to an overvaluation of theresistance in the central part of the
day when atmosphere can be very unstable. To consider the atmospheric stability
effects the aerodynamic resistance between the hypothetical mean canopy air stream
and the reference height (rM) can be calculated like in Mahrt and Ek (1984) that for
unstable case proposed:

r =[
aa

r 2 [1-

-

r u-1

l + C(-Ri) I/2

ln(z-d+z0)
z

^

(30)

o

where C is:
„ z - d + z n 1/2
,„

75k2(

°)

z

c =

2

[ln(

(31)
°)]

z

2

o

In stable conditions the formulation is:
f (1+15Ri) (1+5Ri)I/2u"'
(32)
ln(z-d+z0)
Once theresistances are defined the sensible heatflux can be determined by analogy
with Ohm's law considering the difference in temperature between either the soil
or canopy surface temperature (Ts, Tc) and the mean air temperature (T0) of the
canopy source hypothetical air stream:
raa =[

22

k

T-T
n
s
°
r

H = PCP
s

(33)

as

(34)

H
C

T0 which is generally called aerodynamic temperature (Choudhury et al., 1986;
Jackson, 1988;Kustas, 1990) is defined by Jackson (1988) as a 'temperature within
a vegetated surface corresponding to aparticular height such that, when subtracted
from a temperature at some height above the top of the vegetation, will yield the
proper temperature difference from which the sensible heat transfer from the surface
can be calculated'. However, sincethe value T0could not be evaluated independently
with theabove formulation (Kustas, 1990),and, since smalluncertainties in the true
aerodynamic temperature of the surface can lead to relatively large uncertainties in
the sensible heat estimate (McNaughton, 1988) some algebraic manipulations are
introduced to avoid its use.
Writing the sensible heat flux from the canopy to the reference height as (Smith et
al., 1988):
Hr

+Hr
c

aa

= pc (T - T)
~ p \

ac

(35)
a'

c

and considering that H=Hc +HS,it is possible to calculate Hc (Smith et al., 1988):
H = [pC (T -T ) - Hr ]/(r +r )
c

L

"

pV c

a7

s aa J

v

aa

(36)
ac 7

After this the latent heat flux from the canopy layer LEC can be calculated as a
residual.
Introducing the concept of evaporativefraction,a, defined as the latent heat divided
by the available energy (Shuttleworth et al., 1989),the available energy (Rns-Gs) in
the bare soil energy balance has been distributed as:
LEs = oc(Rn-G)

(37)

H = (l-<x)(Rn-G)

(38)

In the present work the evaporative fraction hasbeen determined using the mean daily
evaporation measured by a microlysimeterin order to obtain the bare soil latent heat
flux, LES.
However, on days when the surface was dry Hccould be estimated as aresidual of
the energy balance by assuming that LES is zero (Ham and Kluitenberg, 1993).
An alternative way to distribute the available energy in sensible and latent heat fluxes
is to consider the equilibrium evaporation a'=A/(A+v) where the slope of the
saturation vapour pressure curve is evaluated at air temperature. However, this
assumptions may not hold with very dry soil (Smith et al., 1988).
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2.3 Remote sensing algorithm using Surface Energy Balance Index
(SEBI)
Starting from the combination type equation introduced by Menenti (1984)to evaluate
soil evaporation, Menenti and Choudhury (1993) propose a new parameterization
to determine actual évapotranspiration from vegetated surfaces. The main issue in
this new approach is that surface temperature, T0, is used instead of an internal
resistance. The internal resistance controls the heat transfer between soil and canopy
and the hypothetical air-stream introduced in the previous chapter.
Considering Eq. 10the possible range of (T0-Ta) is related to an hypothetical chance
in evaporation from zero:
(T 0 -T) u = J Ü (Rn-G)

(39)

PS
to potential rate (Menenti and Choudhury, 1993):

JUL (Rn-G) - 1 (e*-e)
( V T .)i =

PCP

Y

(40)

l+±
Y

The potential air temperature, Ta, is here measured at the top of the Atmospheric
Boundary Layer (ABL).
The actual aerodynamic resistance to heat transfer is here determined as:
ln(J l ) - Y
zh

h

(41)

ah

while in the limiting cases of potential evaporation and zero evaporation the
resistances are described as (Menenti and Choudhury, 1993):
( r Ji =rah(Ç=°) Potential evaporation
( r Ju = rah(Ç=-150) zero evaporation

^

where Ç is the Monin-Obukhov stability parameter.
After some algebraic manipulations of equations 40 and 41 the authors proposed
the following relationship:

LE
L E

P

=1-

(To-TJ^-T),
r
r
ah

i

ah,l

(VuJVT),
ah,u

ah,l

where the temperature dependent ratio is called Surface Energy Balance Index (SEBI)
and it is a pixelwise parameter.
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(43)

Considering than that the potential evaporation can be expressed as:
s(Rn-G) + pc

(e*-e)
p

T~

(44)

iaha

LE =
p

s+y

it is possible to estimate the actual evaporation like last unknown.

2.4 Errors
This study is limited to measurement errors since it is not dealing with errors that
can be introduced in the determination of the fluxes by theoretical assumption like
for example to assume Reynold's analogy (Bowen ratio),to consider the crop like
a big leaf (one-layer model) or to assume a resistance network related to the heat
transfer between bare soil and canopy layers to the reference height (two-layer
model).

2.4.1 Errors on BREB
Several authors proposed errors analysis on the Bowen ratio method (Fuchs and
Tanner, 1969;Sinclair et al., 1975;Angus and Watts, 1984)to evaluate the accuracy
of the flux density estimates.
The contribution of wet and dry-bulb temperature measurement on the estimation
of fluxes by the Bowen ratio energy balance is directly proportional to ß (Fuchs and
Tanner, 1969) and in very dry conditions the required accuracy in the measurement
of these gradients is greater than what can be performed by most Bowen ratio
equipment (Angus and Watts, 1984). However Lindroth and Halldin (1990)
demonstrate that with using a reversing sensor system it is possible to reach an
extremely high resolution.
When psychrometers are used the Bowen ratio can be directly calculated from the
measured temperature (Angus and Watts, 1984):
AT"

ß =((l+i)

i-iyl

(45)

y
AT
where ATand ATWare the dry and wet temperature gradients and s [Pa K"1]is the
slope of the saturation vapour pressure curve.The relative error, 8ß/ß,can then be
obtained by differentiating the previous equation:
- ^ = (Hßl)X

(46)

with x=[ôAT/AT+ÔATw/ATw+ôs/(s+Y)]-
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Finally the error in the latent heat flux, 8LE/LE, and in the sensible heatflux,8H/H,
can be found as:
OLE
LE
ÔH _

H

n
ÔR +ÔG

+

r1

(R rG)
SR

n-

ÔG

(R n --G)

h

ßlx

<47>

X

where the accuracy of calibration of the net radiometer is 5% and of the soil heat
flux plates is 5%.For sampling problems and spatial variability the error on soil heat
flux can reach 20%.
For the gradient measurement it can be assumed that using an interchange system
(10 minutes value averaging every seconds measurements), only systematic error
gives a significant contribute in error. The precision of gradient measurements for
the thermal interchange system is assumed 0.003 K (Lindroth and Halldin, 1990).

2.4.2 Errors on resistance-type models
An analytical formulation to evaluate the errors with this models meets several
difficulties related to a complex formulation and to the absence of standard deviation
inthe measurements. For this reasons an error analysis onheat fluxes estimate can
be performed changing, inside an assigned error bound the value of each input
parameter.
A sensible heat flux reference value, H*, can be obtained using in the calculation
the measured (i.e.u, Ta) or calculated from measurements (i.e.kB"1,z0,d, *Fm, ^ h )
input parameters. Consequently each parameter can be randomly changed (Ax) in
a percentage related to the magnitude of the uncertainty in its determination so that
a new value of sensible heat flux can be computed (H*+ôH).AUthe proceeding is
repeated many (500) times with simultaneous changing in all the considered input
values. Expressing the per cent change in the sensible heat flux like ÔH/H*, the
relative error can be evaluated. Finally, to have a better view the computed errors
are grouped in classes so that a cumulative frequency could be plotted.
In this way the precision of the proposed models can be estimated so that it gives
some ideas of the average magnitude of the errors involved, however, it gives no
precise informations about the error of any particular single measurement.
Moreover, for each parameter can be considered the ratio 'per cent change in H/per
cent change in the input parameter' sothat the relativesensitivity of modelled H to
various input parameter can be evaluated.
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3 The EFEDA area in a vineyard near tomelloso

The EFEDA campaign experimental area waslocated in Castilla-LaMancha, Spain.
The measurements were done from June 1to June 30 in a vineyard located near
Tomelloso (39°10' N/ 03° 01'W, 670 m) province of Ciudad Real. The whole area
is mainly flat with slight undulations in the South and it is used for dry land
cultivations. The crop distribution in the area is:vineyards 82%,cereals 10.5%, olive
groves 3.5%, tricket and scrub 3.0%.
In the analyzed vineyard the plants were disposed in a square grid where between
each element there was a space of about 2.5 m. The Leaf Area Index expressed as
one side leaf area per ground area has bees measured by sheet with dots every 0.5
cm (Kvet and Marshall, 1971).
A detailed description of the experimental area and of the experimental set-up can
be found in theDLO-WinandStaringCentre contribution tothefirstannual EFEDA
report (Kabat et al., 1991), in the Contributionof theDepartment of Meteorology,
WAU, to the EFEDA pilot study (Michels and Moene, 1991) and in The EFEDA
first annual report (Bolle and Streckenbach editors, 1992).A list of the measured
parameters used in this work together with the sensor type is given in Table 1.
Table 1 List of the measured parameters
Parameter

Sensor type

Height of
measurement
(m)

Incoming global radiation
pyranometer
1.6
Outgoing global radiation
pyranometer
10.3
Net radiation
net radiometer
4.21
Soil heat flux
flux plate
-0.005, -0.015
Crop surface temperature
Heimann infrared radiometer
Bare soil surface temperature
Heimann infrared
Canopy surface temperature Heimann infrared radiometer
Air temperature
thermocouple PtlOO
0.07, 0.48, 0.89,
1.66, 8.65
Relative humidity
solid state hygrometer
2.40, 5.51, 8.65
Wet and dry bulb temperature
thermocouple PtlOO
14.95
SC-DLO

Air pressure
Windspeed

air pressure sensor
cup anemometer

Wind direction
Leaf Area Index
Bare soil evaporation
Sensible heat flux

potentiometer
sheet with dots
micro-lysimeter
eddy correlation equipment

1.0
0.89, 1.66, 2.40,
3.32, 5.51, 8.65,
10.95, 12.95, 14,95
15.80

12

Remarks

SC-DLO
SC-DLO
SC-DLO
SC-DLO
6.07SC-DLO
0.91W.A.U.
0.97W.A.U.
SC-DLO
SC-DLO
10.95, 12.95,
Interchange
System used for
BREB
SC-DLO
SC-DLO (wind
profile not very
reliable)
SC-DLO
SC-DLO
SC-DLO
W.A.U.
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4 Results

In this study data from several days have been considered. However, the analysis
was concentrated on June 28 because it was aparticular date in which the measurements were done more intensively by all participating groups ("golden day"). At
that time the vineyard was characterized by a LAI, expressed as one side leaf area
per ground area of 0.284. This value has been computed considering the percentage
of covering (SC-DLO measurements).
A brief micrometeorological description of June the 28th is given so that the reader
could bebetter introduced to the Tomelloso field situation. The atmospheric pressure
was about 940 mbat 12:00a.m.; the daily net radiation (Fig.2) had aregular course
reaching a maximum of 560 W m"2just after midday and an integral daily value
of 13 MJ. Almost at the same time the soil heat flux (Fig. 3) reaches its highest
density of 146 Wm'2 and an integral daily value of 1.57 MJ. The air temperature
measured at 12.95 m (Fig.4)risesregularly from aminimum of 16.4°Cbefore sunrise to amaximum of about 30 °C in the early afternoon. Thefirstpart of the morning and the late evening were quite windy reaching at 12.95 m peaks of 10 m s"1
(Fig. 5).In the central part of the day the wind speed was lower (around 4 ms"1).
The atmospheric vapour pressure reaches a maximum value of 1.64kPa around 8
a.m. then constantly decreased until before 19:00p.m. when it, suddenly and sharply,
falls to 0.5 kPa (Fig. 6). This decrease, which has been recorded by all the
psychrometers situated at different levels, is due to a change in wind direction. At
the same time the vapour pressure deficit reach a value of 1.02kPa (Fig. 7).

NET RADIAT

ON

f\

SOIL HEAT FLUX

Tone1 loso., 2B June 1951

•

'

V

Fig. 2 and 3 Diurnal courses of net radiation and soil heat flux
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Airpotential temperature at 12,95m
Tomelloso, 2B June 1991

Wind speed a t

12,5m

Tonal loso., 2B June 1991

Vapour pressure at 12.95m
Towallcso. SB June 1991

Vapour pressure d e f i c i t a t 12.95m
Tomelloso, 28 June 1991

Fig. 4, 5, 6, 7 Diurnal courses of air potential temperature, wind speed, vapour pressure
and vapour pressure deficit

4.1 Fluxes evaluation
4.1.1 Bowen Ratio Energy Balance technique
The wet and dry bulb temperature used to calculate the Bowen ratio were measured
at 10.95 m, 12.95 m and at 14.95 m.This relatively high positioning of the instruments leads to very small values of the gradients. However, in this way the results
are representative of a large area so that local effects can be avoided.
The diurnal values of ß appear to be in the range from 3 to 5 on June 28 (Fig. 8)
and, more irregularly, from 2 to 5 on June 29 (Fig.9),where each Bowen ratio value
is an average over 10minutes.The value of ßresults undetermined near sunrise and
sunset when the vapour pressure gradient is close to zero.
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Fig. 8, 9 Diurnal course of the Bowen ratio for June 28 and June 29

These relatively high values of ß indicate avery dry environment since the largest
part of the available energy is used in heating the system instead of in evaporation
due to the lack of water. This is confirmed when, plotting the energy balances of
these days (Figs 10, 11),most of the available energy is consumed by sensible heat.
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Tome I I o s o , 28 June 1991
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Fig. 10,11 BowenRatioEnergyBalancefor June 28and June 29

The integral daily évapotranspiration calculated with this technique was 1.16 mm
on June 28 and 1.44 mm on June 29.
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4.1.2 One-layer model
For the one-layer surface temperature model the air temperature and the wind speed
measured at 12.95 m were used to have a more direct comparison with the BREB
method. Investigation of the aerodynamic parameters, z0 and d, using a graphical
approach and the method of least squares,gave someproblems related to the quality
of the recorded wind speed profile. In fact most of the results werenegative or higher
than the vegetation height. For this reasons the estimation of d and z0 was rather
uncertain. However, considering only observed wind profiles well fitting the
logarithmic curve (i.e. Figs 12and 13),mean values of d=0.35 and z0=0.045 have
been estimated for the last part of the field campaign. These values are in good
agreement with the results obtained from the same site and the sameperiod of time
by Michels and Moene (1991) and by Van den Hurk (1992).

Tomel loso 2B June Ç8:3G a.m.5

Tomelloso 2B June C6:30 a.

no

d=0.36
Z0=u.u49m
U*=U,5&TVS

Rl-0.1

o /

/&
y
s4>
Windspeed [ m / s ]

Wlndspeed [ m / s ]

Fig. 12, 13 Windprofile and logarithmic wind profile recorded on June 28 at 8:30 a.m.;
aerodynamic parameters calculated with correction for thermal effects

The ratio kB"1determined with Kustas formula (Eq. 21) overestimates the aerodynamic resistance to heat transfer. The bad performance of this formulation leads to a
relatively high value ofr^ sothat the sensible heat flux results tobe underestimated.
In fact for the obtained mean daily value (kB_1«10)the computed fluxes assume similar values during most part of the day. This situation, equivalent to a Bowen ratio
of about 1,appears tobeunrealistic under dryconditions sothat anew determination
of this value is required.
Since an analytical solution for kB * presents large difficulties its value has been
calibrated using the BREB sensible heat flux. The used value of the ratio kB"1 is
therefore obtained inverting Eq. 10 with the sensible heat flux, H, estimated from
Bowen Ratio Energy Balance method. In this way a mean daily value of kB4=6.5
has been estimated and used in the calculations. This value can be obtained if, for
the Tomelloso field situation, the Kustas's coefficient is reduced from 0.17 to0.1.
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The same correction was proposed by Jeuken (1992) after he compared the result
of Kustas's formula with kB"1 calculated byananalytical approach.
The following description refers, when not specified otherwise, to June 28.This day
can be considered qualitatively representative ofmajor part ofthe field campaign.
The Richardson's number (Fig. 14) indicates that during most part ofthe day the
atmosphere was characterized byvery unstable conditions.
T o m e l l o s o , 2B J u n e 1991
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Fig. 14Richardson's bulk number versus time

Since the usedformulation assumes the validity of the classical inertial layer log-law,
atmospheric stability corrections (Figs 15, 16),calculated according Eq. 16-rl9, are
needed toextend ittonon-neutral conditions.
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Fig. 15,16Integral Dyer and Hicks function for momentum versus time, for heat versus
time
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The aerodynamic resistance toheat transfer varies, asexpected, during the day.
The values calculated referring to airtemperature and wind speed recorded at12.95m
are shown inFig. 17.
Tome I I o s o , 28 J u n e 1 9 9 1

150

*
* *
** ' *
* *
x

100

a#

*
s?

K

»!
*

50

i

21:36

DD:DD

i

02:24

i

04:-

i

i —

D7:12

09:36

.j.

i

i

12:0D 14:24 16:49

19:12

21:36

00:00

02:24

T ime

Fig. 17 Aerodynamic resistance toheat transfer versus time
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Fig. 18Relation between wind speed andaerodynamic resistance toheat transfer
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The highest values are reached in the afternoon corresponding to low wind speed
(see Fig. 5).Therefore the two peaks observed in Fig. 17 can be explained considering that wind speed affects indirectly (through the ratio between shearing and thermal
effects expressed by the stability functions) and directly (through Eq.11) the aerodynamic resistance to heat transfer. The relation between windspeed and aerodynamic
resistance is shown in Fig. 18 where rah exponentially increases as the wind speed
decreases.
After the calculation of the aerodynamic resistance it is possible to apply Ohm's
analogy toestimate the sensible heatflux, H, and in residual way the latent heat flux,
LE, so that the surface energy balance can be determined. Plotting the different fluxes
it shows once again that most of the available energy is consumed by sensible heat
(Figs 19,20).
The resulting évapotranspiration was 1.05 mm on June 28 and 1.3 mm onJune 29.
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Fig. 19,20One-layer model energy balances for June 28and June 29 respectively

4.1.3 Two-layer model
The first steptoseparatethe patch energy balanceinits soil and canopy components
was done using theBeer's lawto distribute thenetradiation reaching thecrop.
Because ofthe very low Leaf Area Index most ofthe radiative flux isassignedto
the bare soil.Interms ofintegral daily values the crop net radiation, 13.03 MJ,is
portioned in8.655MJ reaching the bare soil and in4.377 MJ reaching the canopy.
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Fig. 21 shows the diurnal course of the thermal infrared surface temperature of the
two considered layers where it can be noticed that the canopy temperature has a
regular course reaching a maximum of 34°C around 13:00.Thebare soil temperature
shows a bigger daily thermal excursion with values that regularly increase from a
recorded minimum of 17.9°C around sunrise to a maximum of 55.8°C at 13:30.
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Fig. 21 Canopy and bare soil temperature comparison

Determination of the involved resistances:
-Meanboundary layer resistanceof thecanopy, rac.Like described in chapter 2.2.2
the wind profile inside the canopy has been estimated for every set of measurement.
Assuming an uniform LAI of 0.284 over the canopy height a leaf boundary layer
resistance (rb)has been calculated for each centimetre in the layer between soil and
top of the canopy. Through a numerical integration of the obtained results a mean
value of rb is obtained (Fig. 22).
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Tomelloso, 28 June 1991

Fig. 22 Diurnal course of the leaf boundary layer resistance

The calculated values of rbrange between 15 srn1 in themorning toamaximum peak
of around 40 sm"1around sunset so that rac (Fig. 23) ranges between 27 sm' and 70
sm 1 .
Tomelloso, 28 June 1991

Diurnal course of the mean boundary layer resistance of the
canopy

Fig. 23 Diurnal course of the mean boundary layer resistance of the canopy
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-Aerodynamic resistance betweencanopysourceandreferenceheight,raa.Following
Mahrt and Ek (1984) arather stable value around 8sm 1 isassigned to this resistance
for most part ofthe day except when, inthe evening, itreaches apeak of60sm"1
(Fig. 24) in relation to buoyancy effects related to the atmospheric thermal stability
(Fig. 14).
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Fig. 24 Aerodynamic resistance between canopy source and reference height (after Mahrt
and Ek, 1984)

The same resistance calculated with the formulation purposed by Shuttleworth and
Wallace (1985) which doesn't take inaccount stability corrections ismuch higher
and less constant during the day (Fig. 25).
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Fig. 25 Aerodynamic resistance between canopy source and reference height (after
Shuttleworth and Wallace, 1985)

The different value of the same aerodynamic resistance calculated it is not fully surprising considering that the resistances used toparameterize the heat transfer are not
actual observable and aredefined by simplified and essentially semi-empirical transfer
equations (Menenti, 1993).

Bare soil energy balance:
The mean daily evaporation measured with microlysimeters was around 0.28 mm
in the period between 12and 20 of June (SC-DLO measurements). In energetic terms
it corresponds to an integral latent heat flux of 0.74 MJ day"1which, considering Eq.
22, leads to a value of a=0.1.
The samecoefficient has been evaluated also considering the equilibrium evaporation
(Smith et al., 1988).However the calculated value (cc'=0.5)is clearly unrealistic since
it would lead to an equal repartition of the available energy in the soil between sensible and latent heat.
In conclusion it has been found that the major part of the available energy wastransferred into sensible heat flux (Fig. 26).
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Fig. 26 Bare Soil Energy Balance

Canopy layer energy balance:
Most of the available energy reaching the canopy is used to evaporate the water. The
daily computed évapotranspiration is 1.56 mm. However, from Fig. 27 it can be
noticed that around noon a consistent part of Rnc (around 35%) is used to heat the
system (Fig. 27).
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Crop energy balance:
The crop energy balance (Fig. 28) is found combining the budgets of the soil and
canopy components. The transpirative component isthe main source of latent heat
flux which shows atrend and values very similar to the soil heat flux. The sensible
heat reaches its maximum around 13:00 with 289.3 W m"2. The daily
évapotranspiration is 1.84 mm.
T o m e l l o s o , 28 June 1991
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Fig. 28 Two-layer model energy balance

4.2 Intercomparison
4.2.1 Comparison of the presented methods in terms of computed fluxes
The fluxes calculated (in 10min.values) with BREB,One-layer model and Two-layer
model are here compared one versus each other.
Plotting the sensible heat flux calculated with one-layer model versus the same flux
calculated with the Bowen ratio technique a good agreement is shown (Fig. 29).
However this result can be interpreted mainly only in terms of scatter because the
ratio kB_1used in the formulation of the one-layer model aerodynamic resistance has
been derived from the sensible heat flux evaluated with the BREB technique. The
resulting standard error is 21.33 Wm"2.In terms of latent heat the correlation results
lower because of the relatively higher scatter (22.49 W m"2) in relation to the low
absolute value of the flux (Fig. 30).
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Tomelloso, 2BJune 1992

Bowen ratio H[W/m2]

Fig. 29 Sensible heat flux from one-layer surface model versus sensible heat flux from
BREB. Best regression line y=0.92x+19.43 (R2=0.94) and regression line without
intercept y=0.997x (R2=0.997). Std. err. of y est.=21.33

Tomelloso, 2B June 1992

wjr*

LE

Bowen r a t i o [W/m2]

Fig. 30 Latent heat flux from one-layer model versus latent heat flux from BREB. Best
regression line y=0.89x+5.5 (R2=0.5) and regression line without intercept y=0.96x
(R2=0.5). Std. Err. of y est. 22.4

The same comparison between two-layer model and Bowen ratio technique shows
some differences with high values of the computed fluxes (Figs 31,32).
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Tomelloso, 28 June 1992

Bowen r a t i o
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Fig. 31 Sensible heat flux from two-layer model versus sensible heat flux from BREB.
Best regression line y=0.82x+11.17 (R2=0.96) and regression line without intercept
y=0.86x (R2=0.95). Std. Err. of y est.=16.6
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Fig. 32 Latent heat flux from two-layer model versus latent heat flux from BREB. Best
regression line y=1.38x-2.26 (R2=0.69) and regression line without intercept y=1.35x
(R2=0.69). Std. err. of y est.=23.73
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To generalize the two-layer model leads to lower values of the sensible heat flux
(regression line xcoefficient=0.86). Obviously also higher values of latent heat flux
are obtained (regression line x coefficients.35). The standard error is 16.6W m 2
on sensible heat flux and 23.73 W m 2 on latent heat flux.

4.2.2 Observed versus calculated fluxes
Since a correct determination of sensible heat flux has been introduced as crucial
to determine évapotranspiration flux density using surface temperature models, the
computed H fluxes are finally compared with measured values (Figs. 33, 34, 35).
For thispurpose eddy correlation measurements done by the Meteorology Department
of Wageningen Agricultural University have been used. Unfortunately the same
comparison cannot be done for the latent heat flux since for technical problems the
measured values are not available at the present time.
Tome! loso, 28 June 1991
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Fig. 33 Sensible heat flux measured versus sensible heat flux from BREB (10 minutes
values). Best regression line y=0.98x+21.09 (R2=0.89) and regression line without
intercept y=1.05x (R2=0.88). Std. Err. of y Est.=29.92
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Fig. 34 Sensible heat flux measured versus sensible heat flux from one-layer model (10
minutes values). Best regression line y=0.89x+36.45 (R2=0.8) and regression line without
intercept y=1.05x (R2=0.84). Std. Err. of y Est.=30.98
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Fig. 35 Sensible heat flux measured versus sensible heat flux from two-layer model (ten
minute values). Best regression line y=0.8x+26.02 (R2=0.88) and regression line without
intercept y=0.91x (R2=0.84). Std. Err. of y est.=28.75
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The correlation between thevalues of sensible heatflux derived by allthe considered
approaches is quite high (R2 higher than 0.84), however, some differences are
observed in terms of residuals. In fact the standard error on the y axis estimates
assumes values included between 28.75 and 30.98 W m 2 when the correspondent
mean daily flux is in the order of 200W m 2 . The use of half hourly values doesn't
seem to give any substantial advantage (Table 2).
Table 2 Comparison parameters obtained by regression analysis (R2, ay) and per cent of
difference between mean diurnal fluxes
EDDY
BREB

BREB

1-LAYER

oy=29.9 (10 min)
R2=0.89 (10 min)
oy=41.15 (30 min)
R2=0.84 (30 min)
ÔH(day)=6.99%

1-Layer

2-Layer

oy=30.98 (10 min)
R2=0.8 (10 min)

oy=21.3 (10 min)
R2=0.94 (10 min)

oy=33.3 (30 min)
R2=0.87 (30 min)

oy=18.3 (30 min)
R2=0.97 (30 min)

8H(day)=7.19%

8H(day)=0.2%

cy=28.75 (10 min)
R2=0.88 (10 min)

Oy=16.6 (10 min)
R2=0.96 (10 min)

ay=23.29 (10 min)
R2=0.9 (10 min)

ay=24.78 (30 min)
R2=0.86 (30 min)

oy=18.38 (30 min)
R2=0.95 (30 min)

ay=18.49 (30 min)
R2=0.95 (30 min)

5H(day)=5.88%

SH(day)=12%

8H(day)=12.2%

From Table 2, the two layer-model sensible heat flux seems to have the best
correlation with the measured value of H. However, plotting diurnal course of the
fluxes (Figs. 36 and 37) it can be observed that the two-layer model gives a
systematic undervaluation of H in the central part of the day. This is confirmed
looking at the regression line x coefficient which is 0.91.
When the fluxes are plotted in 10 min values it can be noticed a relatively high
oscillation especially in the measured H.This canbe reduced when the flux ispresent
in half hourly values (Fig. 37).
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Fig. 36 Diurnal course of sensible heat flux (ten minutes values)
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Fig. 37 Diurnal course of sensible heat flux (half hourly values)
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